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Mineralisation of atrazine, metolachlor
and their respective metabolites in
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Abstract: In vegetated filter strips (VFS) the presence of perennial vegetation, rhizodeposition of labile organic
substrates and the accumulation of an organic residue thatch layer may enhance microbial numbers and activity,
thereby increasing the potential for mineralisation of herbicides and herbicide metabolites retained during run-off
events. The objective of this laboratory experiment was to compare the mineralisation of atrazine and metolachlor
with that of their respective metabolites in VFS and cultivated soil. With the exception of total bacteria, propagule
density of the microbial groups, endogenous soil enzymes and microbial diversity were higher in the VFS soil. This
correlated with increased mineralisation of metolachlor and its metabolites in the VFS soil and indicates potential
for VFS to curtail the subsequent transport of these compounds. In contrast, the mineralisation of atrazine and
the majority of its metabolites was substantially reduced in VFS soil relative to cultivated soil. Consequently, the
potential for subsequent transport of atrazine and many of its metabolites may be greater in VFS soil than in
cultivated soil if reduced mineralisation is not offset by increased sorption in the VFS.
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1 INTRODUCTION
Atrazine (6-chloro-N2-ethyl-N4-isopropyl-1,3,5-tri-
azine-2,4-diamine) and metolachlor (2-chloro-6′-
ethyl-N-(2-methoxy-1-methylethyl)aceto-o-toluidide)
are applied pre-emergence and post-emergence for
weed control in a variety of crops.1 Atrazine con-
trols primarily broadleaf weeds in corn, Zea mays
L., grain sorghum, Sorghum bicolor (L.) Moench,
and sugarcane, Saccharum officinarum L., while
metolachlor is applied for grass control in corn
and cotton, Gossypium hirsutum L. In soil, these
herbicides are subject to microbial and chem-
ical degradation. Primary degradation products
of atrazine include desethylatrazine (6-chloro-N4

-isopropyl-1,3,5-triazine-2,4-diamine, DEA), deiso-
propylatrazine (6-chloro-N2-ethyl-1,3,5-triazine-2,4
-diamine, DIA) and hydroxyatrazine (6-hydroxy-N2-
ethyl-N4-isopropyl-1,3,5-triazine-2,4-diamine, HA)
(Fig. 1).2 Formation of DEA and DIA from atrazine
occurs through N-dealkylation, a microbially medi-
ated process.3,4 Formation of HA from atrazine
occurs through both biological and non-biological
hydrolytic pathways.5,6 Degradation products
of metolachlor include metolachlor ethanesul-
fonic acid (2-[6-ethyl-N-(2-methoxy-1-methylethyl)-
o-toluidino]-2-oxoethanesulfonic acid, ESA) and

metolachlor oxanilic acid (2-[6-ethyl-N-(2-methoxy-
1-methylethyl)-o-toluidino]-2-oxoacetic acid, OA)
(Fig. 1).7–9 The formation of ESA from metolachlor
arises from glutathione conjugation, a common detox-
ification process for several organisms.10,11 Pathways
describing the degradation of metolachlor to OA have
not been published.

Despite the potential for degradation, atrazine,
metolachlor and their respective metabolites have
been detected in surface waters throughout the
USA. The maximum concentration in 95 Midwestern
streams was 136 µg litre−1 for atrazine, 7.5 µg litre−1

for DEA, 7.4 µg litre−1 for DIA and 3.7 µg litre−1

for HA.12 Similar values are reported for the lower
Mississippi River, various Midwestern streams and
the playa lakes of West Texas.13–16 Likewise, the
median concentration in 12 stream sites located
in eastern Iowa was 0.15 µg litre−1 for metolachlor,
3.0 µg litre−1 for ESA and 0.7 µg litre−1 for OA.17

Similar concentrations are reported for the playa lakes
of West Texas.16 Consequently, means for limiting the
transport of atrazine, metolachlor and their respective
metabolites are desirable.

Vegetated filter strips (VFS) are narrow strips
of permanent vegetation planted adjacent to crop-
land with the intent to reduce herbicide transport
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Figure 1. Structures of metolachlor, atrazine and metabolisation products.

from agricultural application zones. By design, VFS
accumulate greater above- and below-ground organic
matter than adjacent cultivated soil.18–23 The accumu-
lation of organic carbon (OC) in VFS soil is significant
in that it is correlated with the sorption of non-
polar and weakly basic herbicides. Greater sorption
of atrazine, HA, metolachlor, fluometuron and iso-
proturon has been reported for VFS soil compared
with cultivated soil.18–23 In contrast, sorption values
for the ionic metabolites of metolachlor, ESA and
OA, and the N-dealkylated metabolites of atrazine,
DIA and DEA, were not different between VFS soil
and cultivated soil.22,23 These data indicate that the
mobility of non-polar and/or weakly basic herbicides
may be reduced in VFS soil owing to their affin-
ity for soil OC, while the mobility of ionic and/or
relatively polar species will likely be similar between
soils, since factors other than organic carbon dictate
their sorption. Consequently, for VFS to effectively
reduce the transport of ionic and/or relatively polar
species, the microclimate created by the VFS must be
amenable to the mineralisation and/or degradation of
these compounds.

Higher microbial numbers, microbial activity and
soil enzymatic activity have been reported for VFS soil
compared with cultivated soil.18,21 These data suggest
that the presence of perennial vegetation, rhizodepo-
sition of labile organic substrates and the accumula-
tion of an organic residue thatch layer enhance soil
microflora and their metabolic activity. Moreover, the
enriched density of several classes of soil microflora
and indices of microbial activity in VFS soil indi-
cate potential for enhanced degradation of herbicides.
Greater degradation of metolachlor, fluometuron,
atrazine and isoproturon has been reported in VFS
soil than in cultivated soil.18,21,24–26 To date, degra-
dation and/or mineralisation of herbicide metabolites
in VFS soil have not been evaluated.

In our previous work, field studies indicated that
buffalo grass, Buchloe dactyloides (Nutt) Engelm, filter
strips retained dissolved phase atrazine and meto-
lachlor to a greater extent than their respective
metabolites.27,28 Subsequent batch equilibrium sorp-
tion experiments denoted enhanced sorption of meto-
lachlor and atrazine to VFS soil compared with
cultivated soil.22,23 In contrast, sorption values for
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N-dealkylated metabolites of atrazine and ionic
metabolites of metolachlor were not different between
soils.22,23 To date, the persistence of atrazine and
metolachlor metabolites in VFS soil has not been
evaluated. These data are required to determine the
potential transport of these compounds in VFS soil.
Thus the objective of the present experiment was to
compare the mineralisation kinetics of atrazine and
metolachlor with those of their respective metabolites
in VFS and cultivated soil.

2 MATERIALS AND METHODS
2.1 Soil
The VFS and cultivated soil were collected from a
0.61 ha watershed constructed by the USDA-ARS in
1937 at the Blackland Research Center (Temple,
TX, USA). The soil at the site is classified as
Houston Black clay (very fine, smectitic, thermic
Oxyaquic Hapluderts). VFS were established with
a mixed stand of buffalo grass and Bermuda grass,
Cynodon dactylon L., in 1991. Since that date the
cultivated fields adjacent to the VFS have been in a
corn/sorghum rotation. Soil samples were collected
from the top 0–5 cm depth of the VFS and cultivated
soil, passed through a 2-mm sieve to remove roots
and verdure and stored at 22 (±2)◦C for less
than 3 weeks prior to initiating experiments. Particle
size distribution was determined by the hydrometer
method.29 Organic carbon content was measured
by combustion in a medium-temperature induction
furnace and corrected for total inorganic carbon.30,31

Soil pH and cation exchange capacity (CEC) were
determined by standard methods.32,33 Soil data are
presented in Table 1.

2.2 Microbial and enzymatic characterisation
Numbers of heterotrophic bacteria, Gram-negative
bacteria and fungi were determined for VFS and
cultivated soil by serial dilution and spread plating.
Soil (5 g) was placed in extraction solution (47.5 ml)
containing sodium hexametaphosphate (3.3 mM) and
zwittergent detergent (6.0 M) and shaken on a
horizontal shaker for 5 min at 280 oscillations min−1.34

Subsequent dilutions were performed with 0.15 M

aqueous sodium chloride. Heterotrophic bacteria were
enumerated on 10% tryptic soy agar (TSA) containing
cycloheximide (100 mg litre−1), and Gram-negative
bacteria were enumerated on 10% TSA containing
both cycloheximide (100 mg litre−1) and crystal violet
(5 mg litre−1).35 Fungal numbers were assayed by

Table 1. Properties of the Houston Black clay under cultivation (CS)

and vegetated filter strip (VFS)

Soil
Sand
(%)

Silt
(%)

Clay
(%)

Organic
carbon

(%)

Cation
exchange capacity

(C molc kg−1) pH

VFS 37.9 31.9 30.2 4.2 67.8 7.6
CS 36.8 29.5 33.7 2.5 62.5 7.6

plating onto potato dextrose agar supplemented
with Rose Bengal (33 mg litre−1) and streptomycin
(30 mg litre−1).36 Media were from Difco (Detroit,
MI, USA), while the antibiotics and dyes were from
Sigma-Aldrich (St Louis, MO, USA). All plate counts
were conducted following incubation at 27 ◦C for
4 days.

The community-level physiological profile (CLPP)
of the soil microbial populations was determined
using BIOLOG EcoPlates (BIOLOG, Hayward,
CA, USA) containing 31 different compounds as
sole carbon sources. Each plate well was inoculated
(150 µl) with a 10−3 dilution from the microbial
enumeration procedure described above.37 Plates
were incubated at 27 ◦C without shaking. Colour
development (absorbance) was measured at 590 nm
with a microplate reader (Bio-Tek Instruments,
Winooski, VT, USA) every 24 h during the 8 day
incubation. Absorbance values were blanked against
the initial absorbance of each well at t = 0 and
any subsequent colour development in the control
wells. The data were then normalised, to account for
initial differences in inoculum density, by dividing the
colour development in each well by the average colour
development (AWCD) of all 31 wells.38 The plate
profiles were compared using principal component
analysis (PCA; SYSTAT v. 10, SPSS, Chicago,
IL, USA) when each plate reached an AWCD
of approximately 0.75.39 Additionally, microbial
diversity in each soil was determined from the
BIOLOG data, collected at 6 days of incubation, using
the Shannon, Shannon evenness, Simpson, McIntosh
and McIntosh evenness indices.40,41 For evenness
calculations, wells with absorbance ≥0.250 were
considered to be positive.39 Any negative absorbance
values were considered to be zero for the purpose of
data analysis.39

Dehydrogenase and aryl acylamidase activities in
the soils were determined. For the dehydrogenase
assay, soil samples (2 g oven-dry weight equivalent)
were amended with aqueous triphenyl-tetrazolium
chloride (30 g litre−1, 4 ml) and incubated statically
at 37 ◦C.21,42 After 24 h the reaction was terminated
and triphenyl formazan (TPF) was extracted by adding
methanol (12 ml) and shaking the tubes horizontally
for 30 min at 280 oscillations min−1. Samples were
then centrifuged for 10 min at room temperature and
3000 × g. The TPF concentration in the supernatant
was determined spectrophotometrically at 485 nm.
Aryl acylamidase activity was determined by the
method of Zablotowicz et al.43 Briefly, soil (1 g
oven-dry weight equivalent) was incubated with 2-
nitroacetanilide (2 mM, 4 ml; Lancaster, Windham,
NH, USA) in phosphate buffer (0.05 M, pH 8.0).
Samples were incubated at 30 ◦C with shaking
at 150 oscillations min−1 for 24 h. Production of
2-nitroaniline (NAA) was determined by adding
methanol (4 ml) to each sample and extracting NAA,
as described above for TPF, prior to reading the
supernatant spectrophotometrically at 410 nm.
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2.3 Herbicides
Experiments were conducted with a mixture of 14C-
ring-labelled and technical-grade compounds supplied
by Syngenta Crop Protection (Greensboro NC,
USA). The specific radioactivities and radiochemical
purities of the labelled compounds were: metolachlor,
496 MBq mmol−1 and 98.5%; ESA, 446 MBq mmol−1

and 98.0%; OA, 129 MBq mmol−1 and 94.1%;
atrazine, 340 MBq mmol−1 and 98.7%; DEA,
59 MBq mmol−1 and 96.8%; DIA, 170 MBq mmol−1

and 97.3%; HA 303 MBq mmol−1 and 96.8%. The
chemical purities of the non-labelled compounds
were: metolachlor, 98.0%; ESA, 95.7%; OA 99.9%;
atrazine, 97.9%; DEA, 94.0%; DIA, 96.0%; HA,
97.0%.

2.4 Mineralisation
Field moist soil (5 g oven-dry weight equivalent) was
added to 100-ml biometers and brought to −33 kPa
moisture content with deionised water containing
a mixture of 14C-ring-labelled and technical-grade
material. The final concentration of all compounds
was 1.25 mg kg−1 soil and 1.67 kBq of radioactivity
per biometer. Autoclaved soil samples were included
as a sterile control. Soils were incubated in the dark
at 25 ◦C for 62 days. Evolution of 14C was measured
by periodically removing the 14CO2 traps and placing
the entire volume of trapping solution (1 ml of 1 M

aqueous potassium hydroxide) into scintillation vials
containing Ecolite (+) (ICN, Costa Mea, CA, USA)
liquid scintillation cocktail (10 ml). Radioactivity in
the samples was measured by liquid scintillation
spectroscopy (LSS) using a Beckman LS 8000 counter
(Beckman Instruments Inc., Fullerton, CA, USA).
Replicate aliquots of the [14C-ring] standard solutions
were counted and the average of the counts was used as
a reference to standardise the amount of radioactivity
added to each biometer. Cumulative 14CO2 data were
fitted to the Gompertz growth model using SigmaPlot
5.0 (Systat Software Inc., Point Richmand, CA, USA):

Y = a exp{− exp[−k(t − ti)]}
where a is the plateau or maximum percentage of
mineralisation, ti is the abscissa of the inflection point,
k is the mineralisation rate constant and t is time.44,45

2.5 Mass balance determination
For the final sampling, biometers were dried to a con-
stant weight (24 h at 80 ◦C). Soil was manually crushed

into uniform particle size, and duplicate samples
(0.30 g) were weighed onto Whatman 1 Qualitative
filter paper (Whatman Inc., Florham Park, NJ, USA).
Samples were combusted in a Packard model 306 oxi-
diser (Packard Instruments, Chicago, IL, USA), and
evolved 14CO2 was trapped in scintillation vials con-
taining Carbo-Sorb and Permafluor (1 + 1 by volume,
20 ml; Packard Instruments). Radioactivity was deter-
mined by LSS. The amount of 14CO2 recovered from
the combusted samples was added to the cumulative
14CO2 evolved from the terminal time course sampling
to determine the mass balance of 14C.

2.6 Statistical analysis
Mineralisation data were fitted to the Gompertz
growth model. Estimates for a, k and ti, which cor-
respond to the maximum percentage mineralised,
the rate of mineralisation and the lag phase respec-
tively, were subjected to analysis of variance (ANOVA)
for a completely randomised design using SAS with
treatments in a factorial arrangement (compound
× soil). Contrasts were not orthogonal but were
chosen for the objective of the study. To con-
trol experiment-wise error, significance of a contrast
was evaluated only if the corresponding overall F
test was significant (P < 0.05). Microbial and enzy-
matic data were analysed using a two-tailed t test.
Microbial, enzymatic and mineralisation experiments
were repeated, and after statistical analysis showed
no differences between data sets, the data were
pooled. Microbial diversity indices were subjected to
ANOVA.

3 RESULTS AND DISCUSSION
3.1 Soil microbial parameters
With the exception of total bacteria, culturable
populations of the evaluated soil micro-organisms
and soil enzymatic activities were greater in the
VFS soil than in the cultivated soil (Table 2).
Higher dehydrogenase activity indicates greater total
microbial activity, while enhanced aryl acylamidase
activity has been linked with the degradation of
chloroacetamide herbicides.43 Thus increased levels
of enzymatic activity observed in the VFS soil agree
with the microbial population data and suggest greater
potential for herbicide mineralisation. Others have also
reported higher microbial populations, soil enzymatic
activity and soil microbial activity in VFS soil than in
cultivated soil.18,21

Table 2. Average values for total fungi (FungiT), total bacteria (BacteriaT), Gram-negative bacteria (BacteriaGN), triphenyl-tetrazolium chloride

dehydrogenase activity (TTC-D) and aryl acylamidase activity (Aryl-A) in vegetated filter strip soil (VFS) and cultivated soil (CS)a

Soil
FungiT

(log(cfub g−1))
BacteriaT

(log(cfu g−1))
BacteriaGN

(log(cfu g−1))
TTC-D

(nmol g−1 h−1)
Aryl-A

(nmol g−1 h−1)

VFS 5.40 (±0.14) a 7.74 (±0.08) a 6.12 (±0.08) a 40.4 (±0.1) a 214 (±38) a
CS 5.00 (±0.10) b 7.70 (±0.14) a 5.75 (±0.20) b 26.9 (±0.1) b 118 (±5) b

a Values are the mean of six replicates (±SD). Means in a column followed by the same letter are not significantly different at P ≤ 0.05.
b Colony-forming units.
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Table 3. Microbial community diversity indices for cultivated soil (CS) and vegetated filter strip soil (VFS)a

Diversity index Evenness index

Soil Shannon Simpson McIntosh Shannon McIntosh

CS 3.14 (±0.11) a 20.45 (±3.02) a 6.21 (±0.65) a 0.980 (±0.009) a 0.974 (±0.007) a
VFS 3.27 (±0.04) b 24.16 (±1.21) b 7.79 (±0.59) b 0.974 (±0.009) a 0.979 (±0.002) a
ANOVA P = 0.024 P = 0.019 P = 0.001 P = 0.181 P = 0.099

a Values are the mean of six replicates (±SD). Means in a column followed by the same letter are not significantly different at P ≤ 0.05.

In addition to higher microbial numbers and enzy-
matic activity, the CLPP data demonstrated that the
microbial community in the VFS soil had more diverse
metabolic capabilities (based on tested substrates) and
a different metabolic profile than the microbial com-
munity in the cultivated soil. Each of the calculated
diversity indices was higher for the VFS soil (Table 3),
indicating greater metabolic diversity. The evenness
indices were close to unity for both soils, signifying
that the microbial populations which metabolised the
different sole carbon sources were relatively evenly
distributed in each soil, but there was no significant
difference between the VFS and cultivated soil. The
PCA distinctly grouped the cultivated and VFS soil
samples based on their metabolic profiles (Fig. 2).
The VFS soil was more strongly correlated with
metabolism of L-asparagine, L-serine, D-galactonic
acid, D-galacturonic acid, λ-hydroxybutyric acid,
D-mannitol, Tween 40 and Tween 80, whereas the
cultivated soil was more strongly correlated with
metabolism of 2-hydroxybenzoic acid, α-cyclodextrin,
β-methyl-D-glucoside, L-threonine, itaconic acid,
glycyl-L-glutamic acid, α-ketobutyric acid and
D,L-α-glycerol phosphate. The VFS results were less
variable, suggesting a more homogeneous spatial dis-
tribution of microbial populations in the VFS soil as
compared with the cultivated soil.

3.2 Metolachlor mineralisation
Representative kinetics for the cumulative mineralisa-
tion of metolachlor, ESA and OA in VFS and culti-
vated soil are presented in Fig. 3. With the exception of
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physiological profiles for cultivated soil (CS) and vegetated filter strip
soil (VFS). Profiles were determined based on the utilisation of 31
different sole carbon sources. Error bars are one standard deviation
from the mean of six replicates. The variance represented by each
principal component is indicated in parentheses.

Kotoula-Syka et al.,46 who reported ≤8% cumulative
mineralisation of 14C-ring-labelled metolachlor after
52 days of incubation, our data for the cumulative min-
eralisation of metolachlor in cultivated soil are greater
than published results (Table 4). Reported values for
the mineralisation of 14C-ring-labelled metolachlor in
cultivated soil are ≤4% after 46 days of incubation,
≤1.5% after 120 days of incubation and ≤1.6% after
49 days of incubation.21,47,48 Similarly, our values for
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Table 4. Average values (±SD) for the initial rate and cumulative mineralisation of metolachlor (MET), metolachlor ethanesulfonic acid (ESA) and

metolachlor oxanilic acid (OA) in vegetated filter strip soil (VFS) and cultivated soil (CS). Data were fitted to the Gompertz growth model

Y = a exp{− exp[−k(t − ti)]}, where a is the plateau or maximum percentage of mineralisation, ti is the abscissa of the inflection point, k is the

mineralisation rate constant and t is time

Compound Soil a (%) k (day−1) ti (days) Adjusted r2

MET VFS 26.4 (±1.0) 0.060 (±0.002) 22.8 (±0.6) 0.999
CS 17.6 (±1.0) 0.035 (±0.003) 36.8 (±3.1) 0.998

ESA VFS 27.5 (±0.7) 0.041 (±0.001) 30.4 (±1.0) 0.998
CS 8.2 (±0.2) 0.042 (±0.002) 23.8 (±0.9) 0.989

OA VFS 43.6 (±0.5) 0.075 (±0.002) 19.9 (±0.4) 0.999
CS 29.8 (±2.3) 0.043 (±0.001) 32.5 (±0.9) 0.999

Table 5. P values for the maximum percentage of mineralisation (a), the mineralisation rate constant (k) and the abscissa of the inflection point (ti )

Metolachlor and metabolites Atrazine and metabolites

Comparison a k ti a k ti

Model (F test) 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
Compound 0.0001 0.0001 0.0002 0.0001 0.0001 0.0001
Soil 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
Compound × soil 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

Table 6. P values for simple effects of compound and soil on the maximum percentage of mineralisation (a), the mineralisation rate constant (k) and

the abscissa of the inflection point (ti ): metolachlor (MET), metolachlor ethanesulfonic acid (ESA), metolachlor oxanilic acid (OA), vegetated filter

strip soil (VFS) and cultivated soil (CS)

a k ti

Parameter
VFS

vs CS
MET

vs ESA
MET

vs OA
VFS

vs CS
MET

vs ESA
MET

vs OA
VFS

vs CS
MET

vs ESA
MET

vs OA

Compound – – – – – – – – –
MET 0.0001 – – 0.0001 – – 0.0001 – –
ESA 0.0001 – – 0.3308 – – 0.0001 – –
OA 0.0001 – – 0.0001 – – 0.0001 – –

Soil – – – – – – – – –
VFS – 0.1367 0.0001 – 0.0001 0.0002 – 0.0001 0.0001
CS – 0.0001 0.0001 – 0.0040 0.0032 – 0.0001 0.0006

the cumulative mineralisation of metolachlor in VFS
soil are greater than those of Staddon et al.,21 who
reported ≤4.0% cumulative mineralisation of 14C-
ring-labelled metolachlor after 46 days of incubation.
Mineralisation and/or degradation data for ESA and
OA have not previously been published.

The kinetic parameters a, k and ti were significantly
different among treatments (Table 5). A compound ×
soil interaction was detected and simple effects were
evaluated (Table 6). For metolachlor and OA, values
for a and k were at least 1.5-fold greater and values for
ti were reduced by at least 1.6-fold in the VFS soil. For
ESA, values for a were 3.4-fold greater in the VFS soil.
However, k was not different between soils and ti was
greater in the VFS soil. These apparent discrepancies
are attributed to the low cumulative mineralisation of
ESA in the cultivated soil, which resulted in a relatively
poor fit to the Gompertz growth model. Mineralisation
of metolachlor, ESA and OA in the sterile controls was
less than the limit of quantitation (0.6 Bq ml−1) for
both soils, indicating that the mineralisation of these

compounds is primarily microbially mediated (data
not shown).

These data demonstrate that the mineralisation of
metolachlor and its primary metabolites, ESA and
OA, is enhanced in VFS soil. Others have reported
enhanced degradation of metolachlor in VFS soil
compared with cultivated soil.21,24,25 Thus our data
not only corroborate published results which indicate
that the persistence of metolachlor is reduced in VFS
soil, but also indicate that the persistence of the ionic
metabolites of metolachlor, ESA and OA, will likely
be reduced in VFS owing to enhanced mineralisation.

Since the transport of herbicides in soil is intimately
linked with their persistence and mobility, comparing
the mineralisation data for these compounds with
previously published sorption data provides an insight
into the potential transport of these compounds from
VFS. Krutz et al.22 reported Kd values for the sorption
of metolachlor, ESA and OA to Houston Black clay
under cultivation and VFS. Kd values for metolachlor
were 8.3 litre kg−1 for VFS soil and 4.4 litre kg−1 for
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cultivated soil. In contrast, Kd values for ESA and
OA were approximately 0.8 litre kg−1 for both soils.
Krutz et al.22 suggested that the potential mobility
of metolachlor is reduced in VFS soil owing to
the compound’s affinity for soil organic carbon. In
contrast, the mobility of the ionised metabolites of
metolachlor would likely be similar between soils,
since factors other than soil organic carbon control
their sorption. Consequently, for VFS to effectively
reduce the transport of the ionised metabolites, their
persistence must be reduced relative to that in adjacent
cultivated soil. These data indicate that the persistence
of metolachlor, ESA and OA is reduced in VFS soil.
Therefore the transport of metolachlor, ESA and OA
may be curtailed in VFS soil relative to cultivated soil.

3.3 Atrazine mineralisation
Representative kinetics for the cumulative minerali-
sation of atrazine, DEA, DIA and HA in VFS and
cultivated soil are presented in Fig. 4. The kinetic
parameters a, k and ti were significantly differ-
ent among treatments (Table 5). A compound × soil
interaction was detected and simple effects were eval-
uated (Table 7). For atrazine, DEA and HA, ti values
were at least 1.5-fold higher in the VFS soil than in
the cultivated soil, while values for a and k were at

least 1.7-fold higher in the cultivated soil (Table 8).
In contrast, ti and k values for DIA were not different
between soils, and values for a were 1.3-fold higher in
the VFS soil.

Mineralisation of atrazine and its metabolites in
the sterile controls was less than the limit of
quantitation (0.6 Bq ml−1) for both soils, indicating
that the mineralisation of these compounds is primarily
microbially mediated (data not shown).

With the exception of DIA, these data demonstrate
that the mineralisation of atrazine and its primary
metabolites was reduced in the VFS soil compared
with the cultivated soil. This implies that the
persistence of atrazine and its metabolites may be
greater in VFS soil than in cultivated soil owing to
enhanced mineralisation in the latter.

Although our data for enhanced mineralisation
of atrazine and its metabolites in cultivated soil
are counterintuitive, similar observations have been
noted in the literature. Reungsang et al.49 observed
greater mineralisation of 14C-ring-labelled atrazine
in cultivated soil (60%) compared with 3- (1%
mineralised), 5- (12% mineralised) and 9-year-old
(2% mineralised) filter strips established in switchgrass
(Panicum virgatum L.). Additionally, Ostrofsky et al.50

reported enhanced mineralisation of atrazine in
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Figure 4. Kinetics of cumulative 14CO2 mineralisation for atrazine (ž), desethylatrazine (�), deisopropylatrazine (�) and hydroxyatrazine (�) in
cultivated soil and vegetated filter strip soil. Each point is the mean and standard deviation of four replicates. Error bars do not appear when they
are smaller than the symbol for the mean. Full lines are fitted values generated from the Gompertz growth model.

Table 7. P values for simple effects of compound and soil on the maximum percentage of mineralisation (a), the mineralisation rate constant (k) and

the abscissa of the inflection point (ti ): atrazine (ATR), desethylatrazine (DEA), deisopropylatrazine (DIA), hydroxyatrazine (HA), vegetated filter strip

soil (VFS) and cultivated soil (CS)

a k ti

Parameter
VFS

vs CS
ATR

vs DEA
ATR

vs DIA
ATR

vs HA
VFS

vs CS
ATR

vs DEA
ATR

vs DIA
ATR

vs HA
VFS

vs CS
ATR

vs DEA
ATR

vs DIA
ATR

vs HA

Compound – – – – – – – – – – – –
ATR 0.0001 – – – 0.0001 – – – 0.0001 – – –
DEA 0.0001 – – – 0.0001 – – – 0.0001 – – –
DIA 0.0001 – – – 0.8502 – – – 0.0065 – – –
HA 0.0001 – – – 0.0001 – – – 0.0001 – – –

Soil – – – – – – – – – – – –
VFS – 0.4630 0.0001 0.0514 – 0.2071 0.4617 0.9606 – 0.0001 0.0001 0.0001
CS – 0.0001 0.0001 0.0001 – 0.0001 0.0001 0.0001 – 0.0001 0.0001 0.0002
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Table 8. Parameters of atrazine (ATR), desethylatrazine (DEA), deisopropylatrazine (DIA) and hydroxyatrazine (HA) mineralisation kinetics obtained

for vegetated filter strip soil (VFS) and cultivated soil (CS) after fitting to the Gompertz growth model; a indicates the maximum percentage of

mineralisation, k the mineralisation rate constant and ti the abscissa of the inflection point

Compound Soil a (%) (±SD) k (day−1) (±SD) ti (days) (±SD) Adjusted r2

ATR VFS 25.4 (±0.3) 0.046 (±0.001) 33.6 (±0.9) 0.998
CS 80.4 (±3.1) 0.297 (±0.016) 5.1 (±0.2) 0.990

DEA VFS 26.4 (±0.6) 0.039 (±0.001) 37.3 (±1.4) 0.998
CS 62.5 (±1.9) 0.068 (±0.002) 24.2 (±0.7) 0.999

DIA VFS 32.9 (±1.9) 0.042 (±0.001) 29.6 (±0.7) 0.998
CS 25.1 (±0.5) 0.040 (±0.001) 27.5 (±0.3) 0.994

HA VFS 28.2 (±1.1) 0.046 (±0.002) 14.1 (±1.6) 0.955
CS 89.9 (±0.8) 0.206 (±0.010) 8.1 (±0.3) 0.998

cultivated soil compared with an adjacent riparian
soil.

Enhanced mineralisation of atrazine in the culti-
vated soil is likely due to repeated applications of
atrazine facilitating the development of a microbial
population capable of rapidly mineralising the com-
pound. Greater atrazine degrader populations and
s-triazine ring cleavage genes have been reported for
cultivated soils that receive repeated applications of
atrazine compared with adjacent VFS soil and riparian
soils that do not receive applications of atrazine.49,50

The implication is that the persistence of atrazine and
many of its metabolites may be greater in VFS soil
than in cultivated soil when an active degrader popu-
lation is present in the latter. Additionally, the kinetics
of hydroxyatrazine mineralisation in the VFS soil were
similar to those for atrazine mineralisation, which
suggests that the primary pathway of atrazine mineral-
isation in the VFS soil was through a hydroxyatrazine
intermediate. This degradation pathway has been
found in numerous bacteria isolated from atrazine-
exposed sites around the world.51,52 This growing
body of work indicates that weed management prac-
tices may impact the relative ability of VFS to reduce
the transport of atrazine and its metabolites relative to
adjacent cultivated soils.

Ideally, for the transport of atrazine and its
metabolites to be reduced in VFS soil, estimates
for mobility and persistence should be lower in VFS
soil relative to cultivated soil. Krutz et al.23 observed
greater sorption of atrazine and HA to Houston Black
clay under VFS compared with adjacent Houston
Black clay under cultivation. They concluded that the
potential mobility of these compounds is reduced in
the former. In contrast, Krutz et al.23 observed similar
sorption characteristics for DEA and DIA between
VFS soil and cultivated soil, concluding that their
mobility would likely be similar between soils. In
the present study, mineralisation data indicate that
the persistence of atrazine, DEA and HA is greater
in VFS soil owing to reduced mineralisation. Thus,
for the potential transport of atrazine, DEA and HA
to be curtailed in VFS, enhanced sorption of these
compounds to the VFS soil must offset prolonged
persistence.

The mass balance of 14C recovered ranged from
93.4 to 100.3% for atrazine, DEA, DIA and HA in
sterile and non-sterile VFS and cultivated soil (average
SD ±3.73). For metolachlor, ESA and OA the mass
balance of 14C recovered ranged from 80.4 to 89.2% in
sterile and non-sterile VFS and cultivated soil (average
SD ±2.45). Lower 14C recovery of metolachlor and
its metabolites may be associated with volatilisation,
which can be an important dissipation mechanism
for metolachlor, ranging from 6 to 22% in one field
study, with greater losses in plant residue-managed
soils.53 Metolachlor, ESA and OA volatilisation was
not measured in the present study but may account
for some of the discrepancy in 14C recovery.21

4 CONCLUSION
In summary, our results corroborate previous studies
regarding the persistence of metolachlor in VFS soil
relative to cultivated soil. Under the conditions in this
study we have further determined that the persistence
of the ionic metabolites of metolachlor, ESA and OA,
is reduced in VFS soil compared with cultivated soil.
The implication is that VFS may curtail the transport
of metolachlor, ESA and OA relative to adjacent
cultivated soil owing to enhanced mineralisation in
the former. In contrast to the behaviour of metolachlor
and its ionic metabolites, the mineralisation of atrazine
was greater in the cultivated soil. Others have
reported similar observations, suggesting that repeated
applications of atrazine to cultivated soil facilitate the
development of an atrazine degrader population(s). In
addition, we observed greater mineralisation of DEA
and HA in the cultivated soil. These data indicate that
the potential transport of atrazine and its metabolites
may actually be greater in VFS soil than in cultivated
soil when an active degrader population is present in
the cultivated soil and the longer persistence in the
VFS is not offset by increased sorption.
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